Background:
INTRODUCTION
The IPCC Fifth Assessment Report [1] analyses the radiative forcing at Earth 1 . In this analysis, the positive radiative forcing due to human activity is clearly predominant (2.29 Wm -2 ±1.1 W.m -2 ). The one due to solar activity is much smaller (about 0.05 W.m -2 ± 0.05 Wm -2 ) [1] .
A recent monograph reviews all the possible mechanisms by which the solar activity could impact Earth climate [2, 3] . Amongst them is the impact of the nitric oxide NO in the upper atmosphere [4] . From these authors, NOx are produced in the stratosphere and mesosphere through molecular ionisation of the ambient gas, including the minor NO specie, and subsequent recombination. NOx are known to have lifetime up to several months. The main destruction mechanism is through photo absorption. Therefore, they remain a long time in the atmosphere during the polar night. Then they experience horizontal and vertical transport. The latter likely happens in the polar vortex and may transport
NITRIC MONOXIDE IN THE ATMOSPHERE
At ground, NO and NO 2 are mainly produced during the combustion of fossil fuels and are released into the troposphere. However, NO is also produced at much higher altitudes above the stratosphere. The more the solar activity, the more NO is produced with potential effects in Europe and North America [3] . To quantify its effects it is important to know all the mechanisms of production and destruction of NO and of its derivatives NO + and NO*.
The nitric monoxide density in the thermosphere peaks around 110 km [7] . It is commonly larger at high latitudes and may exceed 2.10 14 molecules per m 3 [8] . The Student Nitric Oxide Explorer (SNOE) satellite provided NO measurements from March 11, 1998 to September 20, 2000 . It had a sun-synchronous orbit inclined at 97.7 degrees to the equator and made 15 orbits per day. This allowed an almost global coverage of the Earth's atmosphere between latitudes 82°S and 82°N. SNOE measured the concentration of nitric monoxide between 97 and 150 km. Fig. (1) shows some of the SNOE measurements at the equator and high latitude, between 60° and 70° for low geomagnetic and solar activity (Ap smaller than 6, f 10.7 smaller than 132), medium (Ap from 6 to 12, f 10.7 between 132 and 165) and high activity (Ap larger than 12, f 10.7 larger than 165). From these data, it is obvious that the NO content is directly linked to the solar and geomagnetic activity.
Fig. (1).
Average NO density at the equator for low solar activity (dark blue), medium (gold) and high (orange). Average NO density at high latitudes (60° -70°) for low geomagnetic activity (light blue), medium (green), and high (purple). From [9] .
We used SNOE data [9] to build our NO model. As we did not find extensive data for NO concentration above 150 km, we performed a logarithmic extrapolation based on SNOE data. This choice is motivated by the scale height ) evolution.
NO Production
Photons and electrons can dissociate molecular nitrogen thereby producing excited atomic nitrogen. The latter then reacts with molecular oxygen according to the following chemical reactions:
Below 130 km, the reaction 1 mainly produces NO during the day. It is much less effective at night. Above 130 km, the reaction 2 is the main source of NO during the day, and the main source during the night under 130 km [8] .
There are two sources of NO. The energetic electrons participating in reactions come either from particle precipitations at high latitudes or from the interaction of the solar electromagnetic flux in the soft X-ray with the molecules of the thermosphere, where the effect is maximum in the equatorial region [8 -9] .
NO Destruction
NO is mainly destroyed by the photon flux in the extreme ultraviolet which dissociates it according to [9] :
and by N( 4 S) through [8] :
Therefore, NO is negligible in the dayside thermosphere. The case is radically different in the polar nightside.
NO Vertical Transport
The WACCM model (Whole Atmosphere Community Climate Model) combines chemistry and dynamics of the atmosphere from the surface to 140 km altitude. It computes an upward air mass flow in the vicinity of the summer pole, and a downward air mass flow near the winter pole [10] . Above each tropospheric convection cell, another cell is created, moving in the opposite direction: upward flow around the winter pole and a downward flow around the summer pole. Vertical density gradients of nitric monoxide are created, resulting in a transport of NO to the higher altitudes in summer pole and a downward transport around the winter pole. NO is thus injected into the stratosphere where it can destroy ozone by NO + O 3 NO 2 + O 2 [3] thus contributing to the energy budget of the atmosphere. Indeed, stratospheric ozone O 3 filters almost all the solar ultra-violet radiation. In addition, horizontal transport of NO was observed, in particular by [9] . The nitric oxide produced at high latitudes can be transported to lower latitudes but the physical phenomena behind these transports remain poorly known.
One of the major flaws of this scheme is that the reaction rates take no account of the NO electronic states nor of its potential ion NO + , simply because these have not been studied yet. Ionisation and excited states could have a role in NO chemical reactivity and thus the climate. Moreover, the connection between energetic precipitations and climate has already been assessed in review articles [11] and [4] though both articles state that effects (direct and indirect) persist in the upper atmosphere down to the stratosphere.
MODELING
Part of the magnetospheric electrons is driven along the Earth magnetic field lines to end in an oval centered around the magnetic poles. They enter the thermosphere with energies up to a few hundreds of keV. These suprathermal electrons ionize, excite and dissociate the atmospheric atoms and molecules and produce the population of ions and excited species. During these collisions, the electrons gradually lose their energy. The Boltzmann equation describes the evolution of these precipitated electrons during collisions with other particles through the stationary electron flux Φ (in cm -2 .s -1 .eV -1 .sr -1 ) depending on the altitude z, the electron energy E and pitch angle θ relative to the magnetic field:
Where μ is the cosine of the electron pitch angle, n e the thermal electron density, E their energy, and L(E) represents the stopping power cross section which is active in the friction force between ambiant and suprathermal electrons, and is computed under continuous slowing down approximation [12] . The losses are characterized by the flow that degrades itself towards lower energies, to other angles and altitudes, when the electrons ionize and excite. The sources are the precipitated electrons and the electrons of higher energies.
Once is computed, the production of any state st (excitation, ionisation or dissociation) of a species sp at altitude z writes:
Where is the collision cross section of the species sp with electrons of energy E to gives state st, and n sp its density.
In the case of nitric monoxide, the electrons can ionize and dissociate into NO + , N + and O + . NO can also be excited into 22 states, see Table ( 1). The corresponding cross sections come [13] for incident electron energies of 10, 20, 30, 40 and 50 eV, and we performed a logarithmic extrapolation for larger energies. The TRANSSOLO code uses a multi-stream approach [14 -16] , which solves the Boltzmann equation for electron transport in the atmosphere. We can then derive the excitation and ionisation rate from the flux intensity and the corresponding cross-sections. The model has been proven valid through laboratory experiment [17] and in-situ observations [18 -20] 2 .
2 This kinetic model can be coupled with a fluid one, which is not the case here (Lilensten & Blelly, The TEC and F2 parameters as tracers of the ionosphere and thermosphere, 2002).
We also compared our computation with [21] where the authors compute the electron production in different atmospheric cases and with different methods such as the same transport code used here.
We find a similar altitude of deposition but surprisingly a smaller production rate. We could not explain this discrepancy. Production rate (cm −3 .s −1 )
RESULTS

Figs. (3, 4, 5)
show the productions of all the 22 NO excited states in the same thermospheric conditions as in Fig.  (2) . The total energy of the precipitated electrons is 3.2 erg. cm -2 s -1 , which corresponds to the energy in a strong aurora [22] . Fig. ( 3) corresponds to the strongest productions of excited states [23] . provide an up to date energy diagram of NO. Comparing our results with this diagram, one concludes that the most excited states are not the lowest ones but are scattered over a large span. Fig. (5) represents the states that are little excited. Logically, they are provided by high energy states (see [23] ).
Finally, Fig. (4) show middle term excited states, which all correspond to low energy states. The altitude of the maximum remains the same whatever the excitation state, corresponding to the maximum in NO density, i.e. 110 km. We show the result of NO dissociative and simple ionisation. The most important mechanism is the simple ionisation, which is comparable to the total excitation rate. The ions N + and O + are negligible, and correspond to less than 10% of the total absorption. We aim at showing the effect of the solar and geomagnetic activity on the NO excitation and ionisation [24] . shows that the state A 2 Σ + is one of the brightest in the Earth's atmosphere in general. It therefore constitutes the most attractive for studying NO in the upper atmosphere. However, the γ-band, related to the A 2 Σ + state, is the desexcitation from an excited state to the ground state.
This may raise some difficulties, as self-absorption may occur, data can be distorted. Even though, since the relative behavior of the different excitation heigh profiles remains the same, we will focus on this single excitation in the following. We checked that it can be considered as the representative of the other states.
The geomagnetic (through Ap) and solar activity (through f 10.7 influence the productions through the neutral atmosphere given above, and through the characteristics of the electron precipitation spectrum. To study the effects of these parameters, we will use the statistical model of [25] to describe the precipitation. Finally, we will study independently the impact of different precipitation conditions. Even though those parameters are linked to each other, we chose to study them separately.
Influence of the Geomagnetic Activity
Here, we change the Ap index with influence both on the neutral atmosphere and on the electron precipitations.
Not surprisingly, the production increases with increasing geomagnetic activity Fig. (7) . Following the SNOE data, we show three cases corresponding to Ap = 3, 9, 18. The neutral NO density increase results in an increase of the A 2 Σ + state production, from about 0.04 cm -3 s -1 to 0.05 in the mid case and 0.07 in the most active case at the peak. The geomagnetic variability is physically partly due to the enhancement of the mean energy of the electron precipitation. .s
Indeed, in Hardy's model, increasing Ap therefore enhances this mean energy, resulting mainly in a decrease in the altitude of the peak, from 152 km in the quiet case down to about 142 in the most active. Fig. (7) . Production of the A 2 Σ + state of NO for Ap=3 (purple), 9 (green) and 18 (blue).
Influence of the Solar Activity in the Nightside
Again, following SNOE data, we show in Fig. (8) three cases corresponding to f 10.7 = 100, 150, 210. Surprisingly, an enhancement in the solar activity results in an decrease of the A 2 Σ + state production, from about 0.065 cm -3 s -1 in the min f 10.7 case to 0.05 in the mid case and 0.04 in the most active case. However, this is only an apparent surprise. Increasing f 10.7 from 100 to 210 results in an increase at 150 km in the O density by 33\% as modeled by NRLMSISE. N 2 -the main specie by far at this altitude -increases by 16%. O 2 decreases by 26% while NO remains quite stable, with a small decrease of 1%. Therefore, the precipitated electrons collide preferentially with nitrogen. Less electrons are available for NO, of which the quantity is approximately constant. We would like to note that the 16% increase in N 2 and the 33% increase in O are sufficient to compensate the 26% O 2 density diminution.
Influence of the Precipitation
We study the impact of different precipitation conditions for 3 distinct cases. Although [26] mention electron energies up to 400 keV, we follow [27] with a mean energy of 100 keV. The second one is a mean case with E= 10 keV. The last one is a faint case, which represents the conditions when an aurora becomes visible with naked eyes, with E 0 =1 keV [22] . The neutral atmosphere remains the same in the 3 runs (Ap = 9, f 10.7 = 150, i.e. the mean SNOE case) in order to only distinguish the effect of precipitating electrons. The distribution function for the precipitation is a maxwellian. For each case, we chose to keep a constant number of precipitating particles.
In the first case, the A 2 Σ + production peaks at 108,2 km, at 0.048 cm -3 s -1 . The second one peaks at 109,6 km for a production of 0.044 cm -3 s -1 . Finally, the last one peaks at 128,6 km with a production rate of 0.042 cm -3 s -1 . The neutral atmosphere remains the same in the 3 runs (Ap = 9, f 10.7 = 150, i.e. the mean SNOE case). 
)
These altitudes are in agreement with [27] (which however focus on the neutral atmosphere) and [28] . [28] studies the altitude profile of the ionization rate in the Earth's atmosphere due to precipitating energetic electrons. The deposition peaks at 110 km, i.e. about 10 km above our maximum. This discrepancy is only apparent, as [27] shows the deposition profile for the full atmosphere while we focus on NO only. When considering the full atmosphere, we retrieve [28] 's results. In agreement with the work of [29] we find that the stronger the mean energy of the electrons flux, the deeper in the atmosphere the production peak. We also notice a small increase (less than a factor 2) in NO production when the total energy increases. Fig. (9) shows the production of different ions. Here, the precipitating electrons carry a mean energy of 100 keV and a integrated one of 1 erg.cm -2 s -1 . It is important to notice that most of the energy carried by the electrons go to ionization, therefore, less energy is available for excitation. However, this last phenomenon should not be underestimated. As shown in Fig. (9) peaks may vary in altitude, depending on the gas and process (ionization or excitation). Indeed, N 2 + and O 2 + production peaks at 78 km whereas NO + production peaks at 108 km.
DISCUSSION AND CONCLUSION
NO is a very minor specie in the upper atmosphere. However, its role in the global change remains unclear. It has been suggested that the upper atmospheric circulation favors the stratosphere-troposphere exchange in link with climate change through the greenhouse gas N 2 O [30] . In parallel, chemical reactions implying NO in the atmosphere produce a significant production of various nitrous oxide (see The Physical Science Basis.
Contribution of Working Group I in [1] ). However, all the current studies deal only with the ground state, neglecting the excited ones. It has been questionable in which extend the nitric oxide in the upper atmosphere responds to the solar activity and then, whether the solar activity could act as a global warming cause through this effect. 
)
Several previous studies show that NO density in the atmosphere depends on solar activity [29] , [31] . However, NO being a minor specie in the thermosphere, the variations are very low in absolute value and compared to the variations of the major species. Because of this, variations in the excitation rate NO*remain very low as well and depend very little on solar activity.
The variability of NO (ground state) in the upper atmosphere using a diffusive transport code and a chemistry code has been studied [28, 29, 32] . Their computation of the ion production is made through the assumption of a value of 35 eV lost per creation of pair, close to what was computed in different gases and atmospheres in [33] . Using a more sophisticated transport code and computing not only the ion production but also all the excitation ones, we find the same amplitude of variability than what they get for the neutral atmosphere. Fig. (9) In order to help further work to improve their models, we provide in the Appendix the productions of all the 22 excited states and of NO + in the middle case above (Ap = 9, f 10.7 = 150) at a latitude of 70°. From our study, this case is representative of any solar and geomagnetic activity level at high latitude. The electron flux mean energy is E=500 eV for a total flux 0.1 erg.cm -2 s -1 . We used a maxwellian distribution in energy and an isotropic distribution in pitch angles.
Although the suggested mechanisms to link the solar activity to the climate through excited NO production are typically nocturnal, it would be interesting in the future to proceed to the same computation in the daytime. NO excitation by photons is a resonant phenomena.
This means that there is only one cross-section at a single energy for each excited state. However, we could not find extensive data on this subject. The most complete photo absorption cross section set is found in [34] . It provides the oscillator strengths for a reduced set of states. A thorough effort should be performed to determine these cross sections. 
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